The booming of wearable electronics has nourished the progress on developing multifunctional energy storage systems with versatile flexibility, which enable the continuous and steady power supply even under various deformed states. In this sense, the synergy of flexible energy and electronic devices to construct integrative wearable microsystems is meaningful but remains quite challenging by far. Herein, we devise an innovative supercapacitor/sensor integrative wearable device that is based upon our designed vanadium nitride-graphene (VN-G) architectures. Flexible quasi-solid-state VN-G supercapacitor with ultralight and binder-free features deliver a specific capacitance of ~ 53 F·g −1 with good cycle stability. On the other hand, VN-G derived pressure sensors fabricated throughout a spray-printing process also manifest favorably high sensitivity (40 kPa −1 at the range of 2-10 kPa), fast response time (~ 130 ms), perfect skin conformability, and outstanding stability under static and dynamic pressure conditions. In turn, their complementary unity into a self-powered wearable sensor enables the precise detection of physiological motions ranging from pulse rate to phonetic recognition, holding promise for in-practical health monitoring applications.
Introduction
The emerging field of flexible electronics has captured vast research interest owing to the revolutionized advantages such as being conformable, stretchable, portable, and implantable. A key branch of such modern electronic devices deals with wearable healthmonitoring sensors that enable the collection of physiological and electrophysiological information from the human body [1] [2] [3] [4] [5] [6] . Along this line, pressure sensor (PRS), which can convert pressure deformation into the variation of electrical resistance, has widely been employed for human motion detection and healthcare purposes because of their flexibility, light-weight, bio-compatibility and low-cost [7, 8] . A reliable PRS device is featured by a large pressure range, high sensitivity, real-time monitor capacity, and good repeatability [9] . To this end, much attention has been paid to the exploration of various active materials with enriched morphologies and the design of key sensing components with flexible characters. Carbonaceous materials, such as carbon black [10] , carbon nanotube (CNT) [3, 7] , graphene [11, 12] , and related composites, have been extensively investigated as the conductive fillers or sensing elements in PRS due to their favorable electrical conductivity, chemical stability, and mechanical durability [13, 14] . Throughout the incorporation of flexible/porous substrates with carbon nanostructures, resultant PRS devices would possess remarkable sensitivity to deform evidently under a tiny applied force, thereby enabling the detection of subtle pulse beats and the monitor of various human movements [15] . A vivid example in this context was demonstrated recently pertaining to the construction of high-performance flexible PRS via combining CNT with functionalized sunflower pollen microcapsules [16] . Despite many advances in flexible sensing applications by far, powering these devices still relies heavily upon the use of conventional power sources, which are too rigid to accommodate the stretched and curved operations of associated wearable sensors. It is hence imperative to develop flexible energy storage devices that are readily compatible with wearable sensors to realize a maintained power supply while enduring mechanical strains [17] [18] [19] [20] .
Recent years have seen an emerging attention in the rational fabrication of flexible energy storage systems, ranging from lithium ion batteries, sodium ion batteries, nanogenerators, to supercapacitors. Amongst them, flexible quasi/all-solid-state supercapacitors have sparked immerse interest due to their high-power density, long cycle life, ease of operation, excellent reliability upon deformation, as well as cost-effectiveness [21] [22] [23] . As a core component in supercapacitor, a reliable, flexible electrode is of great significance, which must synergize both high electrical conductivity and excellent mechanical robustness [24] . Ubiquitous carbon-based electrode materials have favorable conductivity but inferior specific capacitance, thereby limiting their practical applications. On the other hand, a variety of pseudocapacitive materials, encompassing Co3O4 [25] , MnO2 [26, 27] , and Mn3O4 [28, 29] , could offer ultrahigh capacitances. However, their poor conductivity would otherwise jeopardize the power density. In this respect, vanadium nitride, possessing both a high specific capacitance (1, ), has become one of the most promising electrode materials for supercapacitors [30] [31] [32] .
Although great improvements have been independently attained to date in the construction of flexible sensors or supercapacitors, only a few attempts have been made in fabricating their integrated system with wearable features and favorable performances. Herein, we report an innovative self-powered wearable sensor device that is based upon designed vanadium nitride-graphene (VN-G) architectures. The tailorable preparations of VN-G have endowed it with both energy storage and sensing properties. As such, flexible VN-G supercapacitor with ultralight and binder-free features shows an excellent specific capacitance of ~ 53 F·g −1 and an advanced energy density of 13 Wh·kg −1 (at 10 mV·s −1 with poly(vinyl alcohol) (PVA)/ KOH gel as solid electrolyte). The VN-G based wearable PRS device fabricated throughout a spray-printing process also delivers favorably high sensitivity (40 kPa −1 at the range of 2-10 kPa), fast response time (~ 130 ms), and outstanding stability under static and dynamic pressure conditions. More significantly, the overall performance of thus-derived integrative system is demonstrated to be impressive, where the flexible supercapacitor manages to continually power the wearable sensor for the ultrasensitive detection of signals targeting physiological monitor and phonetic recognition.
Experimental

Material preparations
Preparation of VN-G foams
Three-dimensional (3D) porous graphene foam was synthesized via chemical vapor deposition (CVD) by using Ni foam as the growth substrate and methane as the carbon source. The CVD reaction was carried out in ambient pressure at 1,000 °C for 30 min employing the gas flow recipe: CH4 (30 sccm), H2 (50 sccm), and Ar (150 sccm). The as-obtained product was transferred into a Teflon-lined autoclave, which contained 0.6 g NH4VO3, 135 mL deionized water and 15 mL ethanol. By dropwise adding hydrochloric acid to adjust the pH value to 1-2 and further maintaining the system at 180 °C for 24 h, VO2-G foam could be obtained. The prepared sample was then cleaned and cryo-dried for 5 h, followed by thermal annealing at 500 °C in a pure NH3 atmosphere for 3 h to prepare VN-G foam.
Fabrication of flexible quasi-solid-state supercapacitor
To prepare the PVA/KOH gel electrolyte, 3 g PVA and 3 g KOH were added in 30 mL distilled water and stirred at 80 °C until the solution became clear. Afterwards the PVA/KOH gel was applied in between two VN-G foam electrodes, functioning as both electrolyte and separator. The whole device was then dried in an oven at 50 °C overnight. The polydimethylsiloxane (PDMS) package was fabricated by mixing a base gel and the curing agent (SYLGARD 184 Silicon Elastomer) at a weight ratio of 10:1. The mixture was stirred for 1 h and degassed for 30 min, followed by pouring into a plastic petri dish and baking at 80 °C for 10 min. When it was half cured, supercapacitor device was placed onto the PDMS layer. A further bake was gently applied to the entire device to make the PDMS package firmly attached.
Fabrication of G/VN/G-PU foam sensor
Graphene oxide (GO) flakes were synthesized from natural graphite by using a modified Hummers' method. The VN-G wrapped polyurethane (PU) foam was fabricated on a basis of layer-by-layer printing of VN and GO in sequence. Uniformly dispersed VN ink (20 mg VN powders were dissolved in 10 mL distilled water and stirred for 1 h at room temperature) and GO ink (20 mg GO flakes were dissolved in 10 mL distilled water, ultrasonic for 2 h, and then stirred for 1 h at room temperature) were prepared beforehand. A neatly trimmed commercial PU sponge was spray-printed in sequence by GO ink, VN ink, and GO ink, followed by transfering it into a dry oven at 100 °C. G/VN/G-PU foam was finally produced by VC through hydrothermal reduction process. Through the whole dry and hydrothermal reduction process the PU structure was completely stable in Fig. S1 in the Electronic Supplementary Material (ESM). Before testing, the sensor device was constructed by a well-cut (5 mm × 10 mm × 10 mm), whereas the top and bottom were connected to copper wires with silver paste; the computer-controlled Keithley 2400 SourceMeter was used to record the current variation, and the pressure was applied on the upper surface with a stepping motor THORLABS LTS 300/M.
Material characterizations
Morphologies and corresponding elemental maps of VN-G composite was characterized by Hitachi SU8010 Scanning Electron Microscopy. Detailed structure of VN nanowires was inspected by employing a Tecnai G2 F20 S-TWIN Transmission Electron Microscopy using an accelerating voltage of 200 kV. X-ray diffraction (XRD) pattern was collected using a Bruker D8 Advance Diffractometer. The thermogravimetric analysis (TGA) was carried out in the temperature range from 20 to 600 °C at the heating rate of 10 °C·min −1 on a TG/DTA7300 Thermogravimetric/Differential Thermal Analyzer. Raman spectra were recorded in a HR Evolution Raman Spectroscopy with an excitation wavelength of 532 nm. To evaluate the sensitive of as-constructed PRS, a testing platform incorporated a stepping motor THORLABS LTS 300/M and a Keithley 2400 Sourcemeter.
Electrochemical measurements
The electrochemical measurements were carried out using a CHI 660 electrochemical workstation to measure the three-electrode (Ag/AgCl and Pt wire as the reference and counter electrodes, respectively) and two-electrode supercapacitor system that include cyclic voltammetry (CV), electrochemical impedance spectroscopy (EIS), and galvanostatic charge/discharge curves. For three-electrode system and two-electrode supercapacitor devices, the specific capacitance is calculated from the area in the CV curve by the equation below
For two-electrode supercapacitor devices, the energy density and power density are calculated by equations below
Where C is the specific capacitance (F·g ), m is the mass loading (g), V is the working potential, Δt is the discharging time, E is the energy density, and P is the power density.
Results and discussion
VN-G architectures were produced from porous Ni foams throughout a combined CVD and wet-chemistry process, as illustrated in Fig. 1(a) . First, an atmospheric pressure CVD approach was utilized to grow graphene on Ni foam. VO2 nanostructures were then directly synthesized on such graphene foams via a hydrothermal reaction with the presence of NH4VO3 and HCl, followed by thermal annealing in a pure NH3 ambient at 500 °C to produce VN. The digital photos in (Fig. S2 in the ESM) exhibit the appearances of the as-obtained G foam, VO2-G, and VN-G samples. As for pure G foam, the morphology has been inspected by scanning electron microscopy (SEM), showing a 3D interconnected porous network structure with uniform graphene coating ( Fig. 1(b) ). Raman spectroscopic measurement displays prominent G (~ 1,580 cm ), suggesting the coverage of a thin multilayer graphene sheet possessing high crystallinity (Fig. S3(a) in the ESM) [18] . Upon experiencing a facile hydrothermal process, the uniform coating of VO2 nanostructures onto G sheets can be witnessed in Fig. 1(c) . It is interesting to note from high-resolution SEM observation that the as-grown VO2 manifests a mesoporous urchin-like morphology ( Fig. 1(c) inset and Fig. S4 in the ESM). Subsequent NH3 annealing would retain the unique structure, leading to the production of highly porous VN ( Fig. 1(d) and Fig. S5 in the ESM). Remarkably, such a radial arrangement as well as porous microstructure of VN would be beneficial to enhanced electrochemical property due to fast electron and ion transportation. (Fig. S3(b) in the ESM) [30] . To illustrate the spatial distributions of component elements, SEM elemental mappings were carried out ( Fig. 1(f) ). The detected signals encompass V, N, and C elements, and the maps confirm their homogeneous distributions.
The in-situ, uniform coating of VN nanostructures onto 3D graphene foam would be beneficial to facile transport of electrons and ions within the constructed conductive frameworks, thus expecting improved rate capabilities when employed as supercapacitor electrodes. Previous studies revealed that the favorable electrochemical performance of such architecture might be attributed to the fact that the 3D interconnected porous network offers large surface area for supporting active material loading that facilitates rapid electron and ion transport [33] . To evaluate the electrochemical performances of as-prepared VN-G hybrid, it was firstly explored as the working electrode in 6 M KOH electrolyte by adopting a three-electrode
the potential range from -1.2 to 0 V, indicative of good pseudocapacitive behavior in solution stemming from the amply exposed surface of VN (Fig. S6(a) is still delivered due to superb electrical conductivity of VN-G architecture. EIS measurement further indicates a rapid charge transfer kinetics of VN-G hybrid electrodes (Fig. S7 in the ESM) . Moreover, the galvanostatic charging/discharging curves maintain close-to-ideal triangular shapes at various current densities, implying the high reversibility of reactions (Fig. S6(b) in the ESM) .
The inherited flexibility and excellent capacitive performance of foam-derived VN-G architectures have further rendered us to fabricate flexible quasi-solid-state symmetric supercapacitors (SSCs) with the consideration of practically wearable applications. As depicted in Fig. 2(a) , such a flexible device was constructed by assembling two identical VN-G hybrid electrodes with PVA/KOH gels serving as electrolytes (see Experimental section for details). Figure 2(b) shows the CV profiles of the two-electrode supercapacitor device at different scan rates, from which the typical capacitive behavior is demonstrated. The galvanostatic charging/discharging curves over the voltage window of 0-1 V at various current densities further verify the outstanding capacitive characteristics for our supercapacitor (Fig. 2(c) ). The specific capacitance derived from the CV tests stabilizes between 53-43 F·g −1 at a current density ranging from 10-100 mV·s −1 , revealing favorable rate performances (Fig. 2(d) ). In contrast, SSC devices based on the bare VN nanowire material grown on Ni foam display an inferior specific capacitance of ca. 31 F·g −1 (Fig. S8 in the ESM). The cycling stability of the device was additionally evaluated (Fig. S9(a) in the ESM), retrieving ~ 90% of the initial capacitance after 3,000 cycles at 100 mV·s −1 . The highly conductive VN-G framework indeed plays a pivotal role in guaranteeing the longterm stability by facile electron transport and reversible charge storage. For the purpose of powering wearable electronic gadgets, the energy storage devices should be bendable and flexible. As demonstrated in Fig. 2(e) , there is no discernible difference between the shapes of CV curves at distinct bending conditions, suggesting the high flexible property of our VN-G-based symmetrical supercapacitor. Furthermore, integrated devices by connecting single . It also preserves 82% of its energy density as the power density increases to 3,858 W·kg . These values are evidently superior to many reported state-of-the-art flexible supercapacitor systems including GF-MnO2 [34] , N-doped carbon nanofibers [35] , and activated carbons (AC) [36] , and other materials (CNT-MnO2 [26] , GF-PPy-MnO2 [27] , GF-MnO2-CNT [37] , VN [38] , TiO2-MnO2 [39] ). These results corroborate the excellent electrochemical performance and mechanical robustness of VN-G-based flexible supercapacitors, which is promising for powering wearable PRS devices.
The wearable PRS was designed on a basis of PU foam via a spray printing approach by incorporating graphene (reduced graphene oxide, rGO) and VN. Herein, both VN and graphene materials are solution processible, electrically conductive, eco-friendly and bio-compatible. Furthermore, in comparison with drop-casting and rod-coating methods, spray printing serves as an efficient and versatile route to form ultrathin and highly uniform coating layers with tailorable thickness, especially on porous surface such as PU. As illustrated in Fig. 3(a) , the innovative design of such wearable PRS devices mainly deals with the layer-by-layer printing of GO/VN/GO materials. Note that the interlayered VN with conducting nature and fluffy structure can induce the hybrid film to form a close crosslinking network that improves deformability and sensitivity (Fig. 3(b) ). To further impart electronic sensing capacity and enhance the integrity, the entire composite undergoes a hydrothermal treatment to fully rGO. Figure 3 (c) displays the SEM micrograph of bare PU form, manifesting interconnected 3D porous structure. The deposition of GO and VN would retain the morphological features of PU, as revealed by the SEM inspection in Fig. 3(d) . To verify the uniformity of coating, elemental mapping was carried out (Fig. 3(e) ), which shows homogeneous distribution of detected elements (C, V, and N). Figure 3 (f) discloses the appearance of bare VN nanostructures. It is evident that VN displays interwined, fluffy nanowire morphology (also see the TEM observation in Fig. S10 in the ESM), along with possessing highly conductive property (Fig. S11 in the ESM) . Upon reduction of GO, the graphene/VN/graphene-PU composite exhibits the well-preserved 3D porous microstructure (Fig. 3(g) ). Such features are beneficial to inducing a shape response to compressive deformation based on the high contact area between integrated conductive materials. In addition, exhaustive characterizations with the aid of XRD (Fig. 3(h) ) and Raman spectroscopic (Fig. 3(i) ) analysis indeed confirm the successful fabrication of VN-G based sensing composites [40] .
To evaluate the health monitoring performance of as-constructed PRS, a testing platform incorporating a stepping motor THORLABSLTS 300/M and a Keithley 2400 Sourcemeter was set up (Fig. S12 in the  ESM) . Figure 4(a) shows the human body test diagram, where the flexible PRS device (inset) can be easily attached to human skin for wearable sensing applications. The device sensitivity (S) is defined as S = (ΔI/I0)/ΔP, where ΔI is the change of the output current corresponding to the pressure change ΔP, with I0 representing the initial current applied [1] . Figure 4(b) compares the sensitivity of VN-G and pure graphene derived PRS under various applied pressures, highlighting the importance of bridging VN layer. The displayed ΔI/I0 for both devices show a marked increase against increasing pressure in the small 0-5 kPa range and eventually stabilize at the larger range of pressure. In this context, the graphene sensor with the incorporation of VN exhibits a good sensitivity of 40 kPa −1 at the range of 2-10 kPa, obviously outperforming the bare graphene counterpart. This clearly reflects the key role played by the VN layer sandwiched in between, which enables various contact modes such as "point-to-point", "point-to-face", and "face-to-face", thereby aiding to realize an ultrasensitive pressure sensor [41] . To further study the response of the VN-G sensors to static pressures, the current-voltage (I-V) characteristics of devices under different compressive stress was probed, as depicted in Fig. 4(c) . The sensors exhibit good Ohmic behaviors under various pressure set from 0 to 300 Pa, which show decreasing resistance upon increasing load. Note that the pressure set is 0 Pa at the beginning and the sensor functions almost as an insulator. This is probably due to the limited contact points within the entire conductive network in the absence of entire conductive network in the absence of external pressure [15] . Upon applying pressure loading (P2 > P1 > P0), the inter-contact points would markedly increase to generate current response, as illustrated in Fig. S13 in the ESM [12] . In this respect, the porous VN nanowire layer acts not only the bridge to enhance the sensitivity but also the conductive medium to create ample inter-contact points. Moreover, the conductance response of PRS can be directly reflected by lighting up a commercial LED upon pressure loading/unloading (Fig. S14 in the ESM) . Figure 4 (d) demonstrates the rapid response (~ 130 ms) and recovery (~ 250 ms) capabilities of our VN-G based PRS, implying a faster resistance signal variation for force loading than unloading process. To further investigate the working stability of the PRS, the wearable device was directly attached to the elbow, where a repeated bent-flat arm motion at different angles (0°, 90°, and 120°) was proceeded for 1,000 times under a pressure of ca. 2 kPa. Figure 4 (e) records the corresponding current variations, with the magnified curves showing quite identical waveforms covering the entire cycles.
It is also noted that diverse bent-flat states correspond to markedly different current variations (Fig. S15 in the ESM) , indicative of excellent sensing stability of PRS devices. In addition, the successful detection of finger joint movement and frowning motion indeed suggests that our VN-G based wearable PRS would be promising for real-time health monitoring applications to distinguish all-leveled human's physiological activities (Fig. S16 in the ESM) . Figure 4 (f) compares the performances of our VN-G sensor with recently reported PRS devices, revealing superior sensitivity (rGO/paper [12] , rGO/ PVDF [19] , rGO/MXene [42] , silk [43] , rGO/PVA [41] , graphene [44] , VACNT [45] , MOF/carbon [46] ). All these fascinating properties of VN-G architectures shed further light upon the integration of thus-derived flexible energy storage devices with flexible sensors toward practical applications to fully revolutionize human lives.
To meet the demands of the continuous health monitoring in real scenarios with complicated conditions, flexible supercapacitor/sensor integrated device was accordingly assembled, forming a self-powered wearable sensor (Fig. 5(a) ). Synergizing the stable performance of the VN-G supercapacitor under various deformations and the ultrahigh sensitivity of the VN-G electronic skin sensor, the constructed system perfectly conforms to human skin (e.g., attached to the wrist and throat) and readily monitors physiological motions. In this respect, note that solid-state supercapacitors connected in series would offer enhanced potential range targeting durable and steady power supply for sensors. Pulse-and heart-rates are being deemed as the key physiological signals for human health. With regards to a healthy person, the pulse-and heart-rates are equally the same. Integrated with a normal medical tape, the wearable supercapacitor/ sensor device could be attached to the wrist area of a healthy, 27-year-old male for pulse-rate monitor (Figs. 5(b) and inset) , the dimension of the electrode was 1 cm × 2 cm. The periodic electric waveforms are in turn collected, displaying a gap of 0.72 s and hence a pulse beating rate of 84 min −1 , which falls within the standard level of a healthy adult. Moreover, the magnified image of a single pulse cycle in Fig. 5 (c) presents two distinguishable peaks, namely, systolic phase (P1) and diastolic phase (P2). As such, two key parameters for characterizing arterial stiffness can be derived: the radial augmentation index (AI = P2/P1) and transit time (ΔTDVP = TP2 − TP1). From the waveforms measured by the integrated device, the obtained value for these parameters is of ~ 0.57 and ~ 150 ms, which are characteristic values for a healthy adult male [47] .
A further application employing our VN-G derived wearable supercapacitor/sensor system deals with the voice recognition, where the entire device can be attached to the throat of a human subject (Fig. 5(d) ). When the individual speaker pronounces different words such as "sensor", "hello", and "good", the PRS powered by the flexible supercapacitor could identify the distinct though marginal muscle movements. In response, the conspicuous morphologies of current waveforms could be observed in Fig. 5(e) , suggesting high sensitivity and excellent repeatability. In addition, the integrated system enables the phonetic recognition from different subjects with respect to pronouncing an identical expression. As revealed in Fig. 5(f) , different current responses pertaining to different changes in tone could be recorded, holding great promise for wearable sensing applications. It is noted that the flexible supercapacitor (series) could be charged to 2 V, which is sufficient for the smooth operation of PRS device considering that it only requires a small working potential.
Conclusion
In summary, a wearable supercapacitor/sensor integrated system based on VN-G architectures has been developed, benefiting from the dual merits of stable electrochemical performance upon strains for flexible supercapacitors and ultrahigh sensitivity for electronic skin sensors. The VN-G foam derived flexible supercapacitor manages to show a specific capacitance of ~ 53 F·g −1 and an advanced energy density of ~ 13 Wh·kg −1 (with PVA/KOH gel as solid electrolyte). The wearable PRS device fabricated throughout a facile spray-printing process also delivers favorably high sensitivity (40 kPa −1 at the range of 2-10 kPa), fast response time (~ 130 ms), and outstanding stability under static and dynamic pressure conditions. Accordingly, the all VN-G derived, self-powered wearable sensors perfectly conform to human skin and readily detect various physiological signals in both small-and large-scale targeting ultrasensitive health monitoring. Overall, the rational design of novel VN-G architecture that synergizes energy storage and sensing properties inspires a versatile solution to realize all-unified flexible energy storage/electronic devices for next-generation wearable applications. 
